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We argue that the neutrino halo, a population of neutrinos that have undergone direction-changing
scattering in the stellar envelope of a core-collapse supernova (CCSNe), is sensitive to neutrino
emission history through time of flight. We show that the constant time approximation, commonly
used in calculating the neutrino halo, does not capture the spatiotemporal evolution of the halo
neutrino population and that correcting for time of flight can produce conditions which may trigger
fast neutrino flavor conversion. We also find that there exists a window of time early in all CCSNe
where the neutrino halo population is sufficiently small that it may be negligible. This suggests that
collective neutrino oscillation calculations which neglect the halo may be well founded at sufficiently
early times.
PACS numbers: 05.60.Gg,13.15.+g,14.60.Pq,26.30Hj,26.30Jk,26.50+x,97.60.Bw
I. INTRODUCTION
We show novel features of the neutrino halo [1] that
may impact cutting edge research on neutrino signals and
nucleo-synthesis in compact objects and core-collapse su-
pernovae (CCSNe). During the collapse and subsequent
supernova explosion of a massive progenitor star, some
∼ 3×1053 erg of energy is released as neutrino radiation,
a tiny fraction of which undergoes wide angle scattering
to form a halo of neutrinos on trajectories which do not
originate on the proto-neutron star (PNS) at the core.
Wide angle neutrino scattering is also responsible for
electron lepton number (ELN) crossings, where the net
lepton number of neutrinos emitted changes sign across
adjacent trajectories. ELN crossing is understood to
be key to the phenomenon of fast flavor conversion
(FFC) [2–24] which are of great theoretical interest due to
the potential of FFC to occur near the PNS surface, alter-
ing neutrino energy deposition rates. Initial studies of the
effects of wide angle neutrino scattering [8, 9, 14, 15, 24–
27] have shown that halo neutrinos and ELN crossings
have the potential to alter the flavor evolution of the en-
tire emitted neutrino spectrum through ν − ν coherent
forward scattering and ν − ν¯ pairwise correlation, which
in a typical CCSNe may cause all neutrinos near the core
to have quantum-correlated states.
Following the neutrino flavor evolution in the presence
of scattering generally requires a solution of the quantum
kinetic equations [28–33], which combine coherent flavor
evolution with Boltzmann transport of neutrinos in a uni-
fied formalism. Practical considerations have required
simplifying assumptions in order to evaluate neutrino fla-
vor evolution, such as the neutrino BULB model [34–36]
and what we refer to as the “Constant Time” approxi-
mation (CT) which appeals to the relativistic kinematics
FIG. 1: Schematic neutrino halo temporal structure. Halo
neutrinos (νk, shown in red) arrive at the same location as
radially emitted non-halo neutrinos (νi, shown in black) via
a wide angle scattering at ~r′ and hence there is a ToF effect.
It is illustrative to consider a simplifying picture where the
neutrinos are emitted from a point source. Then, tr and ts
are the time elapsed since the halo neutrino’s emission and
since the halo neutrino’s scattering, respectively. The blue
ellipsoid shows the region of the stellar envelope contribut-
ing halo neutrinos emitted from a constant look back time of
tr. The eccentricity of this ellipsoid illustrates the difference
between CT and ToF treatments. The point source approxi-
mation is only for illustration purposes and not used for the
calculations in this work.
of neutrinos to replace the explicit time dependence of
neutrino flavor evolution with the radial coordinate de-
pendence, treating t = |~r|/c as the single Affine param-
eter along the particle’s world line. The halo population
of neutrinos, considered in the context of these simpli-
fying assumptions, behaves similarly to a local, coherent
coupling of neutrino flavor evolution histories.
We seek to abandon the CT approximation and prop-
erly treat the composition of halo neutrinos and their
contribution to the coherent evolution of neutrino fla-
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2vor states emitted during CCSNe by accounting for fi-
nite time of flight (ToF) effects on neutrinos which are
scattered into the halo population.
II. TIME OF FLIGHT
A. Setup
In Figure 1, neutrinos are emitted in all directions from
a neutrinosphere of radius Rν , with nearly all those emit-
ted at time tem arriving at radius ~r suffering only coherent
forward scattering. Halo neutrinos, in contrast, suffer a
direction-changing scattering event at ~r′, and arrives at
the same location via a trajectory that intersects ~r at a
wide angle θik.
In analogy to the technique used in classical electrody-
namics, we identify two “retarded” time scales relevant
to enforcing causality between the radially emitted neu-
trino, νi, and the halo neutrino, νk: the time elapsed
since νk’s scattering, ts, and the total time elapsed since
νk’s emission, tr. Within CCSNe, emitted neutrino
luminosities, flavors, neutrino spectral energy distribu-
tions, entropy and mean nuclear masses, shock prop-
agation, and turbulent mixing all can evolve on short
∼ 10 − 100 ms time scales. The retarded timescales are
significant so long as either of two conditions are met:
that the timescale for evolution of neutrino emission from
the PNS at the time of emission, tem, is short compared
to tr, or that the timescale for the evolution of the den-
sity and composition of the envelope of CCSNe at ~r′ is
short compared to ts. If either of these two cases obtain,
the CT approximation will lead to a-causal calculations
of the distribution of halo neutrinos arriving at ~r.
It is illustrative to imagine the PNS to be a point
source in Figure 1, so that the region of the stellar en-
velope which is contributing to the halo neutrino popu-
lation which was emitted from the core at time tem − tr
is given by the ellipsoid of revolution with the PNS as
one focus and the position ~r as the second focus. The
semi-major axis of this ellipsoid is then a = ctr + |~r| with
eccentricity e = |~r|/(ctr + |~r|). As the eccentricity of this
ellipsoid increases, the discrepancy between CT and ToF
calculations of each shell’s contribution to local neutrino
number densities will grow.
The ToF corrected expression for the number density
of neutrinos in the halo (omitting factors which have no
temporal dependence) is,
nν (~r, θik, t) ∝
∫
dEkd
3~r′dtsfν (Ek, tem − ts) ρ (~r′, tem − ts)
×M [Ek, ~r − ~r′, A (~r′, tem − ts) , Z (~r′, tem − ts)] , (1)
where Ek is the neutrino energy, fν (Ek, t) is the emitted
neutrino spectral energy distribution, the envelope mat-
ter density is ρ (~r′, t), the nuclear composition is given
by the average atomic number Z (~r′, t) and average nu-
cleon number A (~r′, t), and M is the scattering kernel.
Note that Equation 1 is subject to the equation of con-
straint, cts = |~r− ~r′|, which couples the integration vari-
ables ~r′ and ts. Further, the LHS time coordinate is
related to the emission time such that t = tem + |~r|/c,
with neutrinos emitted at t > tem making no contribu-
tion to nν (~r, θik, t). Previous work characterizing the ef-
fects of the halo neutrinos have treated Equation 1 using
the CT approximation, taking tem = tpost bounce − |~r|/c
and ts = tr = 0 identically [1, 25–27, 37]. Similarly,
prior work considering FFC [9–20, 23, 24] made use of
1D or ray-by-ray Boltzmann neutrino transport schemes
which include neutrino propagation time delays only in
1D (along the axis of the ray). This approach explicitly
omits any ToF correction for neutrino transport ray-to-
ray, implicitly employing the CT approximation at first
order in the number of direction changing scatterings to
compute neutrino distributions within each ray. At time
of writing, the exceptions to this rule are the recent works
of [21] and [22] who have successfully implemented time-
dependent multi-dimensional Boltzmann neutrino trans-
port in their CCSNe simulations. This allows [21, 22]
to properly resolve the ToF effects on direction changing
neutrino transport.
We calculate our ToF corrected neutrino number den-
sities using the discrete time evolution of several CC-
SNe progenitor models [27, 38–46], which have been per-
formed previously using 1D or ray-by-ray for neutrino
transport. These simulations are mapped into a discrete
3+1 dimension space-time grid, where the neutral cur-
rent direction changing scattering component of the neu-
trino interactions with the matter in the envelope are
computed in detail. We do not assume a single neutri-
nosphere emitting surface, but instead calculate the in-
tegrated optical depth to all scattering processes, τ , for
each neutrino energy and species uniquely. Individually
by each species, zones with τ ≥ 1 are treated as emitting
neutrinos isotropically, and zones with τ < 1 are treated
as “decoupled”, with neutrino transport taken to be ra-
dial directed with a small portion of neutrinos undergo-
ing neutral current direction changing scattering. This
allows us to post-hoc recover the energy and species de-
pendent limb-darkening of the neutrino emission region
in the core, as well as the wide angle scattered popula-
tion of the envelope. It is still useful to define an effective
neutrinosphere radius, 〈Rν〉, as the population averaged
radius for which τ = 1,
〈Rν〉 =
∑
s=ν,ν¯
∑
α=e,x
∫
rτ=1 (E, s, α)E
2f (E, s, α) dE∑
s=ν,ν¯
∑
α=e,x
∫
E2f (E, s, α) dE
,
(2)
where rτ=1 (E, s, α) is the radius for which each energy
and species passes the threshold for integrated optical
depth less than unity.
B. Collective neutrino oscillation
From our spatio-temporal map of direction changing
3neutrino scattering we have sufficient information to dis-
cretely evaluate Equation 1, using appropriate geomet-
ric factors, from which we can then directly construct
the neutrino-neutrino Hamiltonian, Hνν , which couples
the flavor histories for neutrinos on intersecting trajec-
tories [29, 47, 48]. As shown in Figure 1, a neutrino νi
leaving the core will experience a potential given by a
sum over neutrinos located at the same point as neutrino
νi:
Hνν =
√
2GF
∫
(1− cos θik)× (3)
[(nν,e (θik)− nν,x (θik))− (nν¯,e (θik)− nν¯,x (θik))]d cos θik,
where θik is the angle of intersection between νi and
neutrino or antineutrino νk/ν¯k. Here, nν,e/x is the local
number density of neutrinos in each flavor state (with
the angular integration likewise evaluated locally) and
the 1 − cos θik factor disfavors small intersection angles,
thereby suppressing the potential contribution of the
forward-scattered-only neutrinos [49, 50]. Halo neutri-
nos may have larger intersection angles as shown in Fig-
ure 1, and therefore can contribute significantly to the
flavor-changing potentials despite their small numbers.
It should be noted that Equation 3 is the proper ν − ν
forward scattering Hamiltonian contribution in the limit
that all neutrinos remain in their initial flavor states.
While it is not sufficient to use this construction gener-
ally, our intent in this work is to diagnose the presence of
neutrino distributions that would likely result in collec-
tive neutrino oscillation or fast pair-wise flavor conver-
sion if such effects had not already taken place. As such,
Equation 3 captures the initial conditions necessary to
test for FFC.
In the mean-field, coherent approximation, neutrino
flavor evolution is governed by the equation i∂|ψν,i〉/∂t =
H|ψν,i〉 [51], where t is the Affine parameter along νi’s
world line, and H = HV + He + Hνν is the appro-
priate neutrino propagation Hamiltonian, with vacuum
and matter components HV and He, respectively. At
any point within the envelope, Hνν can be split into
two pieces: the contribution from outward directed neu-
trinos Houtνν = [Hνν ]
pi/2
0 , and the contribution from in-
ward directed neutrinos H inνν = [Hνν ]
pi
pi/2, with Hνν =
Houtνν +H
in
νν . We make this split because of the intrinsic
asymmetry of neutrino emission in the CCSNe environ-
ment, with the radially directed neutrino emission from
the PNS core providing the preponderance of neutrino
number density in the envelope.
The extent to which CT is a reasonable approximation
can be quantified by comparing the ratio |H inνν |/|Houtνν |
as a function of (r, tem) to the same quantity when cal-
culating the halo neutrino population including the ToF
correction in Equation 1. Figure 2 shows the result of
this comparison for a single time snapshot for neutrinos
emitted 5 ms post core bounce for a CCSN simulation of
a 40 M progenitor star [38]. We can see that the CT
approximation significantly overestimates the magnitude
of H inνν at this early time. Under the CT approxima-
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FIG. 2: ToF effects on the magnitude of the ratio of the in-
ward directed neutrino Hamiltonian contribution to the out-
ward directed neutrino Hamiltonian contribution at a single
time snapshot at tem = 5 ms for a 40M progenitor [38].
The reduction in the inward directed contribution due to ToF
effect is substantial at this epoch. The “No Infall Emission”
excludes the contribution from neutrino emission between the
onset of gravitational instability and core-bounce.
tion, the entirety of the envelope is taken to be scatter-
ing neutrinos into the halo assuming the neutrino emis-
sion luminosity is Lν(5 ms), which is quite large early in
the neutrino burst. During the core infall epoch neu-
trino emission which populates the halo is considerably
less luminous and lower energy. From Figure 1 it can be
seen that the volume of the stellar envelope which is il-
luminated by the neutrino burst at tem = 5 ms is greatly
reduced, bounded spatially and temporally by the re-
quirement that tr ≤ 5 ms.
Figure 2 shows that the infall epoch neutrino emission
from the core, emitted in the time between the onset of
gravitational instability and core-bounce at nuclear den-
sities (∼ 0.3 s), contributes to the halo neutrino popula-
tion, accounting for an overall magnitude of ∼ (a few) %
of the ratio |H inνν |/|Houtνν |. This raises the point that the
ToF correction for the halo neutrino potential is cou-
pled to the progenitor star and its subsequent CCSN
evolution. Progenitor properties such as pre-collapse
mass, neutronization history, core-compactness, compo-
sition and density structure play a role in infall neutrino
emission and pre-population of the halo neutrinos. After
core bounce the hydrodynamic evolution of the CCSN
affects the emitted neutrino luminosity history through
accretion and through halo neutrino scattering on nu-
clei/nucleons in the envelope. Shock propagation and
4turbulence influences these issues.
C. Progenitor dependence
The impact of TOF on the neutrino flavor transfor-
mation can be affected by the progenitor structure. A
generic effect of ToF at early times is to reduce the ratio
|H inνν |/|Houtνν | by reducing the volume of brightly illumi-
nated stellar envelope contributing to H inνν ahead of the
ellipsoid focus at ~r. So long as |H inνν |/|Houtνν | is much less
than unity, it may be reasonable to treat the flavor evolu-
tion of neutrinos using established techniques. The ratio
must inevitably rise as more of the stellar envelope is il-
luminated with high luminosity neutrino radiation. To
quantify the window of time in which ToF reduction of
the magnitude of H inνν is significant in the calculation of
neutrino flavor evolution, we define the timescale tO(1) to
be the minimum time at which |H inνν |/|Houtνν | ≥ 1 for any
radius ~r in the stellar envelope.
Table I shows the results of this calculation for a vari-
ety of progenitors of varying mass. At the low end of the
mass scale, 8.8 M [39, 52] and 9.6 M [27, 42], we find
that with ToF corrections the halo neutrino population
is not sufficient to push |H inνν |/|Houtνν | ≥ 1 over the course
of the simulation, and so these simulations potentially
have tO(1) →∞. This opens the possibility that conven-
tional techniques may be used to calculate the neutrino
flavor transformation for stars in this mass range. We
stress that it is by no stretch of the imagination certain
that traditional techniques will be sufficient. Additional
investigation into the safety of such techniques, such as
those used in [27], may be fruitful.
TABLE I: Halo Growth Timescales for select progeni-
tors [27, 38–46]. Shown are the minimum times at which
|H inνν |/|Houtνν | ≥ 1 for any radius in the stellar envelope, tak-
ing the reference time t = 0 ms to be the core bounce time.
Mass (M) 8.8 9.6 10.8 11.2 15.0 40.0 50.0
tO(1) (ms) > 335 > 230 95 53 64 60 66
As progenitor mass increases, tO(1) = 95 ms for a
10.8 M progenitor [38, 41] and rapidly converges to
tO(1) ∼ 60 ms for higher mass progenitors [38, 40, 43–
46, 53]. The near independence of tO(1) on progenitor
mass seems to come from a counter balance of competing
effects. The more massive progenitors tend to be more
centrally condensed prior to collapse, which increases the
baryon (and scattering target) density near the PNS and
increases |H inνν |. This same increase in central condensa-
tion tends to increase the mass accretion rate and slow
the contraction of the effective neutrinosphere radius,
〈Rν〉. Likewise, rapid accretion on the PNS also tends to
increase neutrino luminosities and temperatures, leading
to a larger contribution to |H inνν | through the energy de-
pendence of the direction changing neutral current scat-
tering. It is not apparent why these effects should cancel,
or that they do in fact cancel given the relative low num-
ber of SNe models considered here, but it is intriguing
that the high mass progenitor models in Table I show
similar tO(1) timescales.
D. Time dependence
Another feature of the ToF corrected neutrino halo
population can be seen when comparing maps of the ra-
tio H inνν/H
out
νν (without absolute values) between ToF and
CT calculations, 2D examples of which are shown in Fig-
ure 3 for the tem = 55 ms snapshot of the 11.2M progen-
itor CCSN simulation. We expect disagreement between
CT and ToF to be larger early in the CCSN history be-
cause of ToF reduction in the illuminated volume of the
envelope, and greater at large radius because of the in-
creased eccentricity of the ellipsoid which populates the
ToF corrected halo neutrino population. Both of these
trends can be seen in Figure 3, which disagree by so much
as the overall sign of H inνν (r) beyond ∼ 4500 km. As a
matter of practicality, the full computational domain of
the CCSNe simulations we consider are extended out to a
radius of 1.5× 105 km using the density and composition
of the original progenitor models where available or syn-
thetically extended otherwise. This allows a total time
domain of ∼ 1 s over which we can self-consistently cal-
culate the ToF effect on the halo population without loss
of neutrino emission history. The models we consider all
have pre-core bounce collapse phases which are shorter
than 300 ms, so the results shown in Figures 2 and 3 and
in Table 1 capture the full time evolution history of the
neutrino emission of the core at all times considered.
This sign change in H inνν (r) is a new phenomenon not
found within the framework of the CT approximation.
Because of the energy dependence of neutrino direction
changing scattering processes (e.g., the neutral current
scattering cross section is ∝ G2F 〈E2ν〉), it is possible un-
der the CT approximation that H inνν has a relative sign
difference compared to Houtνν if,
Sign
∑
α
[
Lα
〈Eα〉 −
Lα¯
〈Eα¯〉
]
6=
Sign
∑
α
[
LαG
2
F 〈E2α〉
〈Eα〉 −
Lα¯G
2
F 〈E2α¯〉
〈Eα¯〉
]
σ , (4)
where Lα/α¯ is the neutrino luminosity for each flavor and
σ is the integrated column density of scattering targets
(which also scales with the composition of scattering tar-
gets through the mean nuclear mass squared dependence
of coherent neutral current scattering). Here the left
hand side is the limiting case for the radially emitted
net lepton number, and the right hand side is propor-
tional to the limiting case for the wide angle scattered
neutrino net lepton number. Satisfaction of Equation 4
is sufficient to guarantee the existence of an ELN crossing
in the outward directed neutrinos. However, because the
halo neutrino energy spectrum is identical at all points
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FIG. 3: Left and Center panels: The relative sign change in H inνν/H
out
νν as a function of position in the envelope for a 11.2M
progenitor star for a neutrino emitted tem = 55 ms after core bounce. Left panel shows results for the CT approximation.
Center panel shows results for the ToF corrected halo. Right panel: ToF corrected ELN crossing angle for νe− ν¯e for the same
tem = 55 ms post core bounce snapshot. The ELN crossing angle, θ, is defined such that 0 is radially outward and pi is radially
inward.
under CT, once the ELN crossing point has been reached
the relative sign of the net lepton numbers and Hamilto-
nian components will not be reversed.
Including the ToF correction adjusts the energy spec-
trum of the halo neutrinos to include integrated emis-
sion and scattering history over the entire envelope. The
corrected energy spectra-angular distribution at a given
point can be dominated by neutrinos emitted in the re-
mote past relative to when tem lies within the explosion
timescale. Even though the neutrino emission conditions
at tem may satisfy Equation (4), the integrated history
of the halo neutrinos may not, overwhelming the nearby
scattering contributions which are driving H inνν to have a
sign change in some regions of the envelope. This must
necessarily be accompanied by an additional ELN cross-
ing on inward directed trajectories, which can be seen on
the right hand side of Figure 3.
Note that the inward directed ELN crossing is a fea-
ture of the temporal structure of the ToF halo neutrino
population. The earliest portions of the post core-bounce
neutrino emission are characterized by the deleptoniza-
tion burst, where the shock emerges from the PNS, oc-
casioning a significant neutrino luminosity increase over
∼ 20 − 30 ms, with an electron capture-induced prepon-
derance of νe over other species. Consequently, the halo
neutrino population arising from this epoch is dominated
by νe. The effect of ToF on the net lepton number in the
halo is to dilute the contribution from recently emitted
neutrinos, t . tem. As a result we see in Figure 3 that
although the emission satisfies Equation 4 at small radii,
an ELN crossing develops on inward directed trajectories
as the deleptonization burst neutrinos begin to dominate
the halo neutrino population at large radius. Thus the
neutrino radiation field contains two distinct ELN cross-
ing: the outward directed ELN crossing located at small
radii and an inward directed ELN crossing at large radii.
It should be noted that the ToF induced inward directed
ELN crossing which we report in this paper is distinct
from other recently reported novel ELN crossing [21, 22],
which are attributed to differential wide angle scatter-
ing from the heavy nuclei located near the surface of the
accretion shock in Ref. [21] and multidimensional fluid
effects on ν/ν¯ fluxes in Ref. [22].
III. CONCLUSIONS
In this article we have demonstrated that time of flight
effects for neutrinos emitted in CCSNe are large enough
that they must be included in calculations which seek to
model collective neutrino oscillations and fast flavor con-
version. We have argued that constant time treatments
and ray-by-ray Boltzmann transport treatments are in-
sufficient to capture the full temporal structure of the
halo neutrino populations. We have found that ToF ef-
fects produce a more complicated relationship between
ingoing and outgoing neutrinos that can alter the rela-
tive sign of the coherent forward scattering Hamiltoni-
ans, H inνν vs. H
out
νν , and produce inward directed ELN
crossings which arise as features of the integrated time
evolution history of the CCSN neutrino emission and sub-
sequent hydrodynamic evolution. Further, we have dis-
covered that CCSN progenitor effects work in favor of
creating an environment where canonical techniques for
calculating neutrino flavor evolution are viable at suffi-
ciently early times. A relatively stable window of time
exists early in CCSNe where the wide angle scattered
neutrinos may make a manageably small contribution to
neutrino flavor oscillation and conversion, so that looking
forward we will have a reliable “stepping off point” for
theoretical models of CCSN neutrino signals.
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